21 Background. Large-scale molecular evolutionary analyses of protein coding sequences requires 22
Introduction

42
Estimating selective pressure variation across homologous protein-coding genes from different 43 species is typically done by assessing the ratio of dN/dS, i.e. the number of non-synonymous 44 substitutions per non-synonymous site (dN) as a function of the number of synonymous 45 substitutions per synonymous site (dS). The ratio of dN/dS is commonly referred to as omega 46 (ω), and is routinely used to assess selective pressure variation or constraints across protein 47 families or protein-interaction networks (Kim, Korbel et al. 2007 , Kosiol, Vinar et al. 2008, 48 Alvarez-Ponce, Aguade et al. 2009 ). These calculations of selective pressure variation are 49 performed on alignments of protein coding sequences (and not on other data types such as raw 50 reads from NGS experiments). Codeml is part of the PAML package for the analyses of selective 51 pressure variation in nucleotide sequence data in a maximum likelihood framework (Yang 2007) . 52
The models available in PAML for assessing selective pressure variation can simultaneously 53 compare variation across sites and across lineages in the homologous protein coding gene 54 dataset. In this way the "foreground lineage" is compared to all other lineages in the dataset in an 55 attempt to determine lineage specific selective pressure variation. Some well-known examples of 56 selective pressure variation on foreground lineages include the identification of positive selection 57 in reproductive proteins that contribute to species divergence in mammals (Swanson, Yang et al. 58 2001), and the identification of molecular signatures of positive selection that govern protein 59 functional divergence in a group of mammal enzymes (Loughran, Hinde et al. 2012) . A number 60 of software packages estimate selective pressure variation (Pond, Frost et al. 2005 , Yang 2007 , 61 Delport, Poon et al. 2010 ). One of the most popular methods is codeML from the PAML 62 software package (Yang 2007) . The strength of this approach is the application of flexible 63
codon-based models capable of assessing variation in selective pressures at two levels: (i) across 64 sites in an alignment and (ii) across sites in a predefined, or "foreground" lineage on a 65 phylogenetic tree (Yang and 
dos Reis 2011). 66
Operating codeML requires a complex file structure to compute the parameters under multiple 67 nested models. Associated likelihood ratio tests (LRTs) must also be performed in the 68 identification of the model of best fit. These complexities are often compounded by the size of 69 study, which increasingly are genomic in scale (Liu, Lorenzen et al. 2014, Keane, Semeiks et al. 70 2015, Webb, Gerek et al. 2015) . Other approaches to streamline the process of applying codon-71 based models of evolution to homologous sequences sets focus on site-specific models such as 72 POTION (Hongo, de Castro et al. 2015) . 73
To address these issues we have designed VESPA (Very large-scale Evolutionary and Selective 74 Pressure Analyses). VESPA automates selective pressure analyses and associated prerequisite 75 analyses and post-analysis summary statistics. VESPA can perform both lineage-site specific and 76 site-specific analyses whereas POTION presently performs the site-specific analyses. Therefore, 77
VESPA is unique in its capacity to perform the complex set of tasks involved in assessing 78 lineage specific selective pressure variation across homologous gene families and across 79 lineages. VESPA minimizes the majority of data manipulation requirements for standard 80 molecular evolutionary analyses and also automatically implements and analyzes selective 81 pressure variation analyses using codeML (Yang 2007 ). In addition, VESPA supplies an 82 assessment of potential false positives and produces summary files of the results that are easy to 83 interpret. VESPA allows the user to take advantage of the wealth of publically available genomic 84 data from model and non-model organisms to perform large-scale analyses of homology 85 searching, alignment, phylogeny reconstruction and selective pressure variation. All that VESPA 86 requires is the protein coding DNA sequences, which it will translate with the standard genetic 87 code and use to search and construct gene family alignments. This flexible toolkit can permit 88 large-scale analyses to be performed in an efficient manner and with fewer errors. 89
90
Methods
91
VESPA helps automation by preparing input data files and processing results but program 92 executions are initiated by the user (e.g. via submission to an HPC queuing system. VESPA has 93 5 major Phases (Table 1 and Table 2 for one gene family, and 2), a multiple sequence alignment for each model tested 161 detailing the sites (protein/codon) proposed to be under positive selection is also provided in 162 html format so it can be viewed with colour coding for ease of interpretation. For details of the 163 summary file see Table 2 found that the majority of tasks could be completed within minutes using VESPA. However, the 233 codeML-related functions for creating the input file structure and examining the output files 234 takes considerably longer to complete. As these functions are an essential aspect of the pipeline, 235 decreasing their execution time will be a primary goal in future updates to VESPA. Two possible 236 approaches that will be explored are: i) increasing the overall efficiency of the functions and ii) 237 developing a version of VESPA capable running these scripts (and possibly others) in parallel on 238 multi-core processors. Future updates to VESPA will also explore additional functions and 239 methods not currently implemented. The file formats required as input for each phase of VESPA are detailed. The numbering scheme 317 is consistent with the numbering scheme for the phases as displayed in Figure 2 . 318 319 The following information is provided for each model tested: the lineage (internal or terminal branches) tested as foreground; the type of model 3 (i.e. site-specific or branch-specific) being tested; number of free parameters in the ω distribution that are estimated by codeML, the initial ω 4 value used by codeML (each run within VESPA has multiple starting values to minimise the risk of reporting from a local minimum on the 5 likelihood plane); the resulting log likelihood (lnL) of the analysis; the resulting model of the likelihood ratio test (LRT); the parameter 6 
